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SOIL IMPROVEMENT BY MEANS OF ELECTRO-OSMOSIS

Sven Hansbo
Professor emeritus
Chalmers Univ. of Technology
Gothenburg

ABSTRACT
In this paper, the theory about electro-osmotic treatment of soil is summarized. The correlation between conventional soil characteristics and the most important electro-osmotic parameters, soil resistivity and electro-osmotic permeability coefficient, is
indicated.
Two case records exemplify the correlation between theory and reality.
One of the case records concerns improvement of the preconsolidation pressure of a clay layer situated underneath a lake,
which had to be filled with sand to create a building site, 800 m2 in size, for a magazine to be built. The electrodes consisted of
iron rails with a weight of 25 kg/m. No dewatering at the cathodes took place. The applied potential varied from about 70 to 90
V. Unfortunately, a mistake in coupling was made. Thus, what was intended as anodes became cathodes and vice versa. All the
same, the goal of electro-osmotic treatment, namely to increase the preconsolidation pressure to the intended level, was fulfilled. The settlement caused by electro-osmosis was documented in relation to energy consumption and electric current consumed but was considerably smaller than expected.
The other case record concerns investigation of the influence of electrode diameter on the effect of electro-osmosis. Three test
fields with electrodes consisting of, respectively, reinforcement bars 25 mm in diameter, iron tubes 38 mm in diameter and iron
tubes 64 mm in diameter were arranged as part of examination works in civil engineering education at Chalmers Univ. of
Technology. No dewatering at the cathodes took place. In the beginning of the study all test fields were coupled in parallel with
an applied potential of 7 to 9 V. Later on, only one test field was coupled up in turn. In these cases the potential applied was 25
to 40 V. A careful study of the soil characteristics and the electro-osmotic parameters was carried out before the installation of
the electrodes. During the electro-osmotic treatment, a study was made of the potential gradient between anodes and cathodes,
the settlement in relation to energy consumption and electric current consumed, and the effect of electro-osmosis on pore water
pressure, undrained shear strength and sensitivity. The anode consumption was particularly large in the test area with electrodes
25 mm in diameter. During the electro-osmotic treatment, gas was developed, most probably because of a large content of
shells in the upper part of the clay layer. Therefore, swelling took place in the upper part, which counteracted the settlement
caused by the electro-osmotic treatment.
It is recommended to provide the cathodes with a pumping device in order to eliminate the effect of hydraulic backflow from
cathodes to anodes.
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INTRODUCTION
In practical application of electro-osmosis, the anodes generally consist of iron bars or iron tubes while the cathodes may
consist of perforated tubes enclosed by inverted
filters. In such a case, the water transported to the cathodes is
pumped up, for instance by means of ejector pumps.
The electric potential between anodes and cathodes and the
electro-osmotic permeability govern the amount of water
transported by electro-osmosis. Due to the electro-osmotic
water transport, an excess pore water pressure will be built up
in the direction of the cathodes with a consequential hydraulic gradient counteracting the electro-osmotic flow, Fig. 1.
Dewatering of the cathodes is a means of reducing the buildup of the counteracting hydraulic gradient.
The resulting flow vx caused by electro-osmosis and by induced hydraulic gradient can be expressed by the relation

v x = ke

∂V kx ∂u
–
∂x γ w ∂x

(1)

where ke = electro-osmotic permeability, ∂V/∂x = electric
potential gradient, kx = hydraulic permeability in the x direction, γw = unit weight of water and ∂u/∂x = excess pore pressure gradient (Fig. 1).
As mentioned above, the flow of water towards the cathodes
can be avoided by dewatering of the cathodes. By doing so
the influence of hydraulic backflow ca be neglected and the
amount of water Qw transported to the cathode during time t
can be expressed by the relation:

Qw = ke (V x )Atf (t, ch )

(2)

where A = cross-sectional flow area, f (t, ch ) = consolidation
function, starting with the value 1 and decreasing with time
and ch = coefficient of consolidation.

Fig. 1. Variation of electric potential and pore pressure
gradient between anodes and cathodes at equilibrium. No
pumping (dewatering) at the cathodes.
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Substituting (V/x)A for ρeI, where ρe = electric resistivity
of the soil and I = current, we finally have:

Qw ≈ ke ρe Itf (t, ch )

(3)

.
The product keρe yields the amount of water transported per
coulomb. The consumption of electric charge required to
reach a certain desired result depends to a great extent on the
design of the electro-osmotic field (the choice of electrodes
and their location). The total resistance in the electro-osmotic
field, which governs the interrelation between amperage and
voltage (according to Ohm’s and Kirchhoff’s laws), is dominated by the electrode to soil resistance.
The electrode to soil resistance R for a staff-shaped electrode
is given by the relation (Kupfmüller, 1959):

R=

ρe
4l
ln e
2π le de

(4)

where le = length of the electrode below groundwater table,
and de = diameter of the electrode.
The total electrode to soil resistance for n electrodes coupled
in parallel can be obtained from the relation (Moum, 1967),
equation (5):
⎧⎪ ln ⎡ cot (θ 2 2 ) × cot (θ 3 2 ) × ⋅ ⋅ ⋅ × cot (θ n 2 )⎤⎦ ⎫⎪ R
Rn = ⎨1 + ⎣
⎬
ln (8le de ) – 1
⎩⎪
⎭⎪ n

where θn = atan(nae/le), and ae = distance between the electrodes.

Fig. 2. Correlation between electric resistivity ρe of mineral soil with a certain density ρ (in metric tons per cubic
meter) and salt content (Larsson, 1975).
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Both ke and ρe can be determined in the laboratory. Measurements have shown that, for a given density of mineral
soil, there is a close relationship between the electric resistivity and the salt content of the soil (Fig. 2) while ke is
mainly a function of the water content (Fig. 3) and the salt
content.

⎛ k γ ∂2V ∂2 u ⎞ ∂u
ch ⎜ e w 2 + 2 ⎟ =
∂x ⎠ ∂t
⎝ kh ∂x

(7)

where ch = coefficient of consolidation in horizontal pore
water flow (in the x direction), ke = electro-osmotic permeability, kh = hydraulic permeability, u = excess pore water
pressure, γw = unit weight of water and V = voltage.
Introducing the auxiliary variable ξ = (ke kh )γ wV + u , the
consolidation equation takes the form:
ch

∂ 2ξ ∂ξ
=
∂x 2 ∂t

(8)

However, these consolidation equations are difficult to
solve because of difficulties in determining the boundary
conditions.
The consolidation process will be finalized when the
steady-state electro-kinetic water flow and the steady-state
hydraulic water flow, acting in the opposite direction, are
equally large.

.
Fig. 3. Electro-osmotic permeability ke of mineral soils as
a function of water content.
In order to maintain full efficiency of electro-osmotic dewatering, the consumption of the anodes must be considered. This can be calculated on the basis of Faraday’s law.
Accordingly, the weight ∆Ga (in grams) consumed by the
passage of Qe coulombs is given by the relation:

∆Ga = (atomic weight valence )Qe 96494

(6)

For iron anodes, having an atomic weight = 55.9 and a
valence = 2, the consumption ∆Ga is 0.29 Qe (in milligrams)
Electro-osmotic dewatering is mostly applied as a means of
stabilization in connection with deep excavations in silty
soil below the groundwater level. A very illustrative example of electro-osmotic dewatering is the 12 m deep excavation, carried out in very soft, water-saturated silt for a
submarine pen in Trondheim during the Second World
War. Previous attempts to reach the required 12 m depth of
excavation by the use of 17 m deep sheet pile cut-off lead
to liquefaction and sheet pile failure already at 8 m depth
of excavation (Casagrande, 1947).
Electro-osmosis can also be used for the purpose of consolidating silt and clay. In the case of one-dimensional
consolidation in the x direction in an electric field with
constant voltage V over two rows of electrodes with large
extension, the consolidation equation can be written (Esrig,
1968):
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With regard to the decrease in water content and ion exchange effects, the increase in shear strength becomes
largest nearest to the anodes. Therefore, the best average
consolidation effect is obtained by switching from time to
time the direction of the potential between the electrodes
(anodes are changed to cathodes and vice versa).
The current density at the anodes should be restricted to a
maximum of about 3 mA/cm2. Too high a current density
leads to rapid desiccation of the soil around the anodes,
which strongly increases the electric anode to soil resistance.

CASE RECORD: SCANIA VABIS, SÖDERTÄLJE
Electro-osmosis was used in 1965–1966 for the purpose of
consolidating a clay layer, about 4–5 m in thickness, underneath a lake filled with sand and gravel, where a chassis
workshop for Scania Vabis was planned, Fig. 41. The installation was planned by the Norwegian Geotechnical
Institute in cooperation with the Swedish consulting firm
J&W. It covered an area of about 800 m2 and contained a
total of 36 anodes and 22 cathodes, consisting of iron rails
with a weight of 25 kg/m. The anodes and cathodes were
placed in 12 anode rows and 11 cathode rows by turns with
3 anodes in each anode row and 2 cathodes in each cathode
row as shown in Fig. 5. The cathodes were not formed as
filter wells with pumping device. The anodes and cathodes
had to be driven through the 6–7 m thick fill of sand and
1

In Figs. 4, 11 and 12 the following symbols are used: Cl (clay).
cl (clayey), cl (clay layers), Gy (gyttja), Sa (sand), Si (silt), si
(silty), si (silt layers), Pt (peat), v (varved)
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gravel, which had previously been placed upon the clay
layer. The depth below the groundwater level of the electrodes was about 8–9 m. The distance between the electrodes in each row was fixed at 5 m and the distance between the rows at 6 m, Figs. 5 and 6. The applied potential
varied from about 70 to 90 V and the current from about
1100 to 1800 A.

The clay layer which contained several seams of fine sand
and silt had the following characteristics: undrained shear
strength cu = 15–20 kPa; sensitivity St = 5–20; water content w = 40–70 %; liquid limit wL = 30–65 %; electroosmotic permeability ke = 0.095–0.694 m2/Vyear; salt content in the pore water 2.9–3.7 ‰; soil resistivity ρe = 5.1–
6.3 Ωm; compression ratio Cc/(1 + e0) = 0.17–0.33; coefficient of consolidation cv ≥ 0.2 m2/year.
The purpose of the electro-osmotic treatment was to increase the preconsolidation pressure in the centre of the
clay layer from its original value 65 kPa to at least 130
kPa, corresponding to the increase of effective overburden
pressure caused by the future load. Based on the compression characteristics this would cause a consolidation settlement of 20 – 40 cm. As a basis of design, the values of
ke and ρe were chosen equal to 0.11 m2/Vyear and 5.7 Ωm,
respectively, yielding keρe = 0.2x10–7 m3/C.

Fig. 4. Results of soil investigation, including weight
sounding, CPT (resistance in kN) and sampling, before the
lake was filled with sand and gravel (depth levels in m).

Fig. 5. The installation of electrodes at Scania Vabis, showing the intended anode and cathode placements and the depth levels
(in m) to which the electrodes were driven, and the points of investigation to study the effect of electro-osmosis. The groundwater level is situated at +3.6 m (cf. Fig. 4).
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Fig. 6. Electro-osmotic stabilization at Scania Vabis of a 4-5
m thick clay layer, covered by 6–7 m thick sand and gravel
fill. The electrodes (iron rails) are mutually connected by
reinforcement
The electro-osmotic installation came into use in July 1965
and went out of use in January 1966. After 125 days of use, a
sudden and pronounced increase of resistance occurred,
which indicated that the anodes had been more or less consumed below the groundwater level. In order to investigate
the anode consumption, anodes (according to design) were
pulled out of the soil but found completely uncorroded, while
the cathodes were strongly corroded, Fig. 7. A mistake in
coupling had been made and the cathodes had in reality
served as anodes and vice versa. Since the number of anodes
was smaller than the number of cathodes this, of course, had
a very bad effect on the efficiency of the electro-osmotic
treatment.
Electrode to soil resistance
In the following analysis, the real coupling has to be considered. Assuming that the effective length of the anodes and
cathodes is 8 m (4 m of clay and 4 m of sand below groundwater level) and choosing the average of ρe, the electrode to
soil resistance according to equation (4) becomes equal to
5.7
⎛ 4×8⎞
Rc,s = Ra,s =
ln ⎜
⎟ Ω = 0.70Ω.
2π × 8 ⎝ 0.064 ⎠
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Fig. 7. Iron anodes after termination of electro-osmosis. Most
of the iron material is consumed, the anodes are steaming
and the snow along the anode rows has melted.
According to equation (5), the total anode to soil resistance in
one row of anodes (2 anodes) becomes
( θ 2 = arctan [2 × 5 8 ]= 0.896 )
Ra =

ln (cot 0.448 ) ⎤
0.70 ⎡
⎥ Ω = 0.393Ω
⎢1 +
2 ⎣ ln (8 × 8 0.064 ) – 1 ⎦

and the total cathode to soil resistance in one row of cathodes
(3 cathodes) becomes).
Rc =

0.70 ⎡ ln (cot 0.448 × cot 0.540 )⎤
⎢1 +
⎥ Ω = 0.282Ω
3 ⎣
ln (8 × 8 0.064 ) – 1 ⎦

The total electrode to soil resistance for 11 rows of anodes
and 12 rows of cathodes becomes Rtot = (0.393/11 +
0.282/12)Ω = 0.059Ω. With the applied potential V varying
from about 70 to 90 V, the current I = V/Rtot accordingly
should vary from about 1182 A to 1525 (average 1354 A). In
reality the current varied from about 1100 A to 1800 A. According to the current consumed during 8 months 28x109 C,
the average current during the electro-osmotic treatment
equals 28x109/(8x30x24x3600) = 1350 A.

5

Settlement
The settlement observations, which were planned to show
settlement profile inside and along the outer anode rows, cf.
Fig. 5, varied between 3 and 9 cm. The average settlement,
obtained in relation to the electric current and energy consumed, is shown in Fig. 8.

posite to the intention of studying the settlement close to the
outer anode rows), a fact that most certainly gives wrong information about the average settlement in the centre of the
field. Therefore, the settlement picture shown in Fig. 8 may
underestimate the overall average settlement obtained.
The settlement measured corresponds well with the changes
in natural water content measured and gas is therefore
unlikely to have been generated to any appreciable degree.
Anode consumption
The anode consumption according to equation (6) becomes
0.29x10–6x1350x24x3600 ≈ 34 kg/day, i.e. about 1.5 kg per
anode and day. Considering the total weight of the anodes,
about 200 kg, the anodes would be completely consumed
after 130 days. As mentioned before, a pronounced increase
of anode to soil resistance occurred after 125 days of use,
which indicates that the anodes had been more or less consumed below the groundwater level, cf. Fig. 7.
Influence on preconsolidation pressure

Fig. 8. Average settlement, in cm, of the ground surface as
function of electric current and energy consumed (in the latter case including the loss of energy in the D.C. transformer).
As can be seen the consumed energy per cm of settlement has
increased considerably at about 400 - 500 MWh.
The average settlement of the ground surface is found equal
to 0.06 m at a consumed current of 28x109 C and a consumed
energy of 830 MWh. According to equation (3), applying the
product keρe = 0.2x10–7 m3/C, obtained in the laboratory, the
water transport to the cathodes should be 0.2x10–7x28x109 =
812 m3. A rough estimate of the amount of current that had
passed through the clay layer itself, the volume of expelled
water (or volume decrease) per consumed current unit of
0.2x10–7 m3/C can be assumed half the value given above.
Ignoring the influence of water flow from cathodes to anodes,
caused by the counteracting hydraulic gradient (no pumping
at the cathodes), this corresponds to a compression of the clay
layer of about 13 cm (to compare with the estimated settlement 20 – 40 cm).
The great difference between field and laboratory values can
be due to hydraulic flow in the opposite direction to electroosmotic water flow. Horizontal seams of silt and sand in the
clay layer facilitate hydraulic flow. Moreover, the settlement
observations were made close to the outer cathode rows (op-
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Fig. 9. Effect of electro-osmosis on preconsolidation pressure. The original preconsolidation pressure in the middle of
the clay layer before placement of the sand fill = 65 kPa
As mentioned earlier, the aim of the electro-osmotic treatment was to increase the preconsolidation pressure in the
middle of the clay layer from 65 kPa to 130 kPa. To investigate that this goal had been achieved, sampling by means of
Swedish piston sampler was carried out at various time intervals. Moreover, field vane tests and pore pressure measurements were carried out at the later stage of electro-osmosis.
The results obtained by oedometer tests showed obvious
sample disturbance. Therefore, the estimation of the preconsolidation pressure close to the anodes and halfway between
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the anodes and cathodes has been based on the undrained
shear strength cu determined by field vane tests and sample
liquid limits wL according to the correlation
σ c′ = cu (0.45wL ) (Hansbo, 1957). The results obtained are

field 2 was coupled up. In these cases the potential varied
from about 25 to 40 V and the current from about 80 to 120
A.

shown in Fig. 9. The purpose of the treatment as regards the
expected increase of the preconsolidation pressure seems to
have been fulfilled and no differential settlement problems of
the chassis workshop have occurred.

CASE RECORD: TEST FIELDS IN GOTHENBURG.
Tests on electro-osmotic stabilization of soft clay were carried out as part of an investigation for a new hospital building
in the Gothenburg region (Hansbo, 1970). The main purpose
of the test was to study the effect of electro-osmosis when the
cathodes are not formed as filter wells with a pumping device. Another purpose was to investigate the influence of
electrode diameter. The tests were carried out as examination
works in civil engineering education at Chalmers University
of Technology, Gothenburg.
The soil at the test field consisted of mainly silty clay to a
depth of about 10 m. The clay, which contained a great quantity of shells down to a depth of about 6 m, had the following
characteristics (Figs. 10-12): undrained shear strength cu =
10–50 kPa; sensitivity St = 10–200; water content w = 30–85
%, liquid limit wL = 15–75 %, coefficient of consolidation cv
≥ 0.3 m2/year, electro-osmotic permeability ke = 0.10–0.25
m2/Vyear (ke,av = 0.18 m2/Vyear), soil resistivity ρe = 5.5–
31.3 Ωm, compression ratio Cc (1 + e0 ) = 0.23–0.50.

Fig. 10. Water contents, liquid limits and unit weights at
various depths (in m) in the three test fields.

Extremely low values of the electro-osmotic permeability
were observed in some of the clay samples from the upper
part of the clay deposit, probably depending on the shell content (cf. Fig. 12). Thus, these shells seemed to generate gas
under the influence of the electric current, which reduced or
prevented water flow.
Similar installations of electrodes were made in three nearby
test fields. Each test field contained three anode rows with
sex anodes in each row and two cathode rows with five cathodes in each row. The electrodes were placed at a distance of
2 m from each other in equilateral triangular pattern, Fig. 13,
and were pushed down 10 m into the soil. The electrodes in
the test fields consisted of, respectively, reinforcement bars,
25 mm in diameter, iron tubes, 38 mm in diameter, and iron
tubes, 64 mm in diameter.
In the beginning of the investigation, March 30th to August
1st, 1966, the test fields were coupled up in parallel. The potential applied to each field then varied from about 7 to 9 V
and the current from about 18 to 30 A.

Fig. 11. Variation of soil resistance ρe with depth, determined
by electro-oedometer tests on soil samples taken 60 m northwest of the test field.

Later on, from August 1st to November 1st, 1966, only field 1
and from November 1st, 1966, to March 1st, 1967, only field 3
was coupled up. Then, from June 13th to August 22nd only
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increases the anode to soil resistance. However, in e.g. field 1
the potential fall at a current intensity of only 1 mA/cm2 increased successively at the anodes during the whole test
while the potential fall at the cathodes decreased, Fig. 14.
Even at as low a current intensity as 0.3 mA/cm2 similar phenomena occurred.
In test fields 2 and 3, Figs. 15 and 16, a more or less stationary condition was obtained. In test field 3, however, the potential gradient between the cathodes and the outer anodes
has changed unexpectedly after that only field 3 was coupled
up, Fig. 16.

Fig. 12. Variation of electro-osmotic permeability ke with
depth, determined by electro-oedometer tests on soil samples
taken 60 m northwest of the test field. The symbol ‘sh’ defines
the existence of shells. (1.0x10-4 cm2/sV = 0.315 m2/Vyear).

Fig. 14. Potential gradient between anode and cathode rows
in test field 1 (electrodes 25 mm in diameter), measured from
the anode row in the centre of the field to the outer anode
row, as function of time (in days) and distance from the electrodes.
The result of the investigation shows that the potential fall
nearest to the electrodes varies during the electro-osmotic
treatment. With the current intensity applied when all the
fields were coupled in parallel (original current intensity < 1
mA/cm2) the potential gradient between the anode and cathode rows can be considered more or less stationary before the
anodes had been more or less corroded.

Fig. 13. Placement of electrodes and investigation points in
test field 2. The electrodes in all the test fields were placed in
equilateral triangular pattern with an internal distance of 2
m. and the investigations carried out in the three test fields
were more or less the same.
In order to obtain a maximum water transport from the
anodes to the cathodes in relation to the energy consumption,
it is important that the electrode to soil resistance is low and
preferably not increasing with time. In order to maintain a
stationary potential gradient between the anodes and cathodes, the current intensity at the electrodes should not exceed
2–3 mA/cm2 (Fredén,1962). The anode temperature otherwise
may be very high and cause desiccation of the clay, which
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Fig. 15. Potential gradient between anode and cathode rows
in test field 2 (electrodes 38 mm in diameter), measured from
the anode row in the centre of the field to the outer anode
row, as function of time (in days) and distance from the electrodes.
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In the case, when the fields were coupled up in parallel, the
total electrode to soil resistance is obtained by the correlation:
ρe ⎛
1
1
1
⎞
=⎜
+
+
⎟,
−2
−2
2.97 × 10
2.76 × 10 −2 ⎠
Rtot ⎝ 3.15 × 10
which yields Rtot = 0.984x10-2ρe.

Fig. 16. Potential gradient between anode and cathode rows
in test field 3 (electrodes 64 mm in diameter), measured from
the anode row in the centre of the field to the outer anode
row, as function of time (in days) and distance from the electrodes.
Electrode to soil resistance
In the analysis of the electrode to soil resistance the average
soil resistivity ρe, obtained by laboratory tests and evaluated
according to a method suggested by van der Pauw (1958), is
equal to about 13 Ωm (about 11 Ωm if the bottom value in
Fig. 11 is omitted).

When the fields were coupled up in parallel, the required potential to maintain an average current of 85 A varied between
7 and 10 V (average 8.5 V). This yields an average value of
ρe equal to 10.2 Ωm, (cf. Fig. 11). When only field 1 was
coupled up, the required potential to maintain an average
current of 85 A varied between 22 and 34 V (average 27 V).
This yields an average value of ρe equal to 10.1 Ωm. The
corresponding values when only test fields 2 and 3 were coupled up become equal to 8.5 Ωm and 9.0 Ωm, respectively.
Settlement
The average settlements observed at 5 m depth are shown in
Fig. 17 as functions of energy consumption and current consumed. The maximum settlement was 8.5 cm in field 1, 13.5
cm in field 2 and 16 cm in field 3. The settlements observed
at 0.5 m depth was somewhat smaller, particularly in field 3
(4 cm smaller). The settlement of the ground surface was thus
approximately equal to the settlement observed at 5 m depth.

In test field 1 with reinforcement bars, 25 mm in diameter,
the electrode to soil resistance according to equation (4) becomes (ρe in Ωm):

Rc,s = Ra,s =

ρe

2π × 10

⎛ 4 × 10 ⎞
ln ⎜
= 0.117 ρe
⎝ 0.025 ⎟⎠

In test fields 2 and 3, with iron tubes 38 mm and 64 mm in
diameter, Rc,s and Ra,s become 0.111ρe and 0.102ρe, respectively.
The total cathode to soil resistances becomes:
0.117 ρe ⎡ ln (cot 0.190 × cot 0.270 × ⋅ ⋅ ⋅ × cot 0.392 )⎤
Rc =
⎢1 +
⎥
10 ⎣
ln (8 × 10 0.025 ) – 1
⎦
which yields Rc = 1.981 × 10 −2 ρe
The total anode to soil resistances becomes:
⎡ ln (cot 0.190 × cot 0.270 × ⋅ ⋅ ⋅ × cot 0.438 )⎤
⎢1 +
⎥
ln (8 × 10 0.025 ) – 1
⎣
⎦
which yields Ra = 1.171 × 10 −2 ρe
Ra =

0.117 ρe
18

The total electrode to soil resistance in test field 1 thus becomes Rtot = Rc + Ra = 3.15x10-2ρe. In test field 2 with iron
tubes, 38 mm in diameter, the total electrode to soil resistance
becomes Rtot = 2.97x10-2ρe, and in test field 3 with iron tubes,
64 mm in diameter, the total electrode to soil resistance becomes Rtot = 2.76x10-2ρe.
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Fig. 17. Average settlement in the test fields at a depth of 5 m
below ground surface as function of electric current and energy consumption.
During the investigation, occasional electric power breaks
occurred. In order to control the energy consumption, an installation of an electricity meter was carried out August 16th,
1966, 173 days after the beginning of the investigation. The
energy consumption up to day 173, shown in Fig. 17, is
therefore not fully reliable. Therefore, during the period when
all the fields were coupled up in parallel, the energy consumption had to be estimated on the basis of equation (5).

9

The energy consumption has been analyzed on the assumption that the soil in all the test fields has the same electroosmotic properties and that the resistance in the soil can be
disregarded in comparison with the electrode to soil resistance.
According to equation (3), ignoring the influence of the counteracting hydraulic gradient created, the water transport from
the anodes to the cathodes during the time when all the fields
were coupled up in parallel, becomes equal to 0.28x109keρ e
m3. The total area dewatered by electro-osmosis in each field
is about 65 m2. The settlement of the ground surface, about
2.5 cm, corresponds to a loss of water of about 65x0.025 m3
= 1.63 m3. This yields a value of keρe = 5.8x10-9 m3/C. Inserting ρe = 10.2 Ωm, this yields ke = 0.57x10-9 m2/sV = 0.018
m2/Vyear. The value ke,av = 0.18 m2/Vyear, obtained in the
laboratory test is thus 10 times higher. The ke value according
to Fig.3, for the average water content observed in the clay
layer between the depths 5 and 10 m (about 60 %) is 5.4x10-9
m2/sV = 0.17 m2/Vyear.
Looking at the result obtained when only field 2 was coupled
up, the settlement obtained for an electric current consumption of 0.70x109 C is about 10 cm, corresponding to a total
decrease of the water content of 6.5 m3. In this case, the water
transport from the anodes to the cathodes becomes equal to
keρex0.70x109 m3, corresponding to keρe = 0.93x10-8 m3/C.
Inserting ρe = 8.5 Ωm, we find ke = 1.09x10-9 m2/sV = 0.034
m2/Vyear.
The main reason for the difference in the ke values obtained
in field and laboratory is undoubtedly due to the gas evolution and to the fact that no dewatering took place at the cathodes, cf. Fig. 18. Moreover, as previously mentioned, the ke
and the ρe values were determined on samples taken about 65
m away from the test field, which may be another reason for
the difference. The settlement based on the ke values determined in the laboratory tests could be expected to produce a
settlement of 25 cm when all the fields were coupled up in
parallel and about 50 cm when only field 2 was coupled up, if
the cathodes had been formed as filter wells and if no gas
evolution had taken place.
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Fig. 18. Settlement profiles through the test fields at depths
below ground surface of 0.5 m (broken lines) and 5 m (unbroken lines), measured at times of maximum consumption of
current and energy, see Fig. 17.
The analysis shows that the settlement calculation cannot be
based only on the electro-osmotic permeability coefficient ke
or on the product keρe if gas is produced during the electroosmotic treatment. Consideration must be paid to the gas volume produced and the product keρe must be exchanged by the
electro-osmotic water flow minus the gas production per consumed coulomb. Moreover, if the cathodes are not formed as
filter wells, the counteracting hydraulic flow must be taken
into account.
Influence on pore water pressure
In test field 1, the effect of the electro-osmotic treatment on
the pore water pressure was studied by pore pressure observations close to the anode and cathode rows and halfway in
between. A heavy increase in pore pressure was observed
close to the cathodes and a heavy decrease in pore pressure
close to the anodes, whereas the pore pressure halfway between the anode and cathode rows was more or less unaffected, Fig. 19. When only field 1 was coupled up a drastic
change took place, indicating that the anodes had been more
or less consumed.
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values obtained after the completion of electro-osmotic
treatment the following changes in undrained shear strength
were obtained:

1–5
depth:
field 1
field 2
field 3

0.5 m from
anode

Halfway between anodes
and cathodes

0.5 m from
cathode

+ 10%
+ 10%
+ 25%

+ 5%
– 20%
– 20%

– 20%
– 25%
– 30%

m

In test field 1, the undrained shear strength was examined by
field vane tests in 5 boreholes between the anode and cathode
rows. The result of this investigation is shown in Fig. 20.
Fig. 19. Effect of electro-osmosis on pore pressures, observed
in test field 1 (electrodes 25 mm in diameter).
Hydraulic backflow
According to the observations, the difference in pore water
pressure between the anode and cathode rows in test field 1,
when all the test fields were coupled up in parallel, Fig. 19,
becomes approximately equal to 50 kPa, corresponding to a
hydraulic gradient of approximately

ix =

∆u
50
=
= 2.95
× 9.81
1.73
2× 3/2 ×γw

According to the oedometer tests the permeability in the vertical direction was found equal to 0.005 – 0.023 m/year with
an average of 0.013 m/year. Assuming a permeability in the
horizontal direction of 0.02 m/year the hydraulic flow becomes v = 2.95x0.02 = 0.059 m/year. Assuming a crosssectional area of the flow of 45 m2 we get for the clay layer a
hydraulic water transport in the direction cathode to anode of
2.65 m3/year (0.007 m3/day). This corresponds to a total water flow from 5 to 10 m depth in test field 1, when all fields
were coupled in parallel (125 days), of about 0.91 m3. If the
cathodes had been formed as filter wells, this indicates that
the settlement in test field 1 in this case would have increased
by 100 × 0.91 9.5 × 1.73 cm ≈ 5.5 cm.
Influence on undrained shear strength
The influence on the undrained shear strength cu was examined before and after completed electro-osmosis by field vane
tests and by fall-cone tests on samples taken by means of the
Swedish standard piston sampler. Choosing the average values obtained in the field vane tests and the fall-cone tests as
representative, we have cu = 24 kPa in field 1, 23 kPa in field
2 and 21 kPa in field 3 from 1 to 5 m depth and cu = 17 kPa in
field 1, 18 kPa in field 2 and 16 kPa in field 3 from 5 to 10 m
depth. If these values are compared with the corresponding
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Fig. 20. Undrained shear strength determined by field vane
tests in test field 1 before and after electro-osmotic treatment.
As can be seen, the undrained shear strength has increased at
almost all the investigated levels except nearest to the cathodes. The fact that the results obtained in field 1 are more
favorable than those obtained in the other fields cannot be
explained. Possibly the results can be attributed to spreading
of the test results.
Influence on sensitivity
The average values of the sensitivity St of the clay, determined by fall-cone tests from 1 to 5 m depth, were originally
27 in test field 1, 18 in test field 2 and 20 in test field 3. The
corresponding values from 5 to 10 m depth were 63 in test
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field 1, 82 in test field 2 and 55 in test field 3. The change
∆St/St of the sensitivity due to electro-osmotic treatment, after
completion of the test, amounted to the following values:
1–5m
depth
Field 2
Field 3
5 – 10 m
Field 2
Field 3

Close to
anodes
+ 28%
– 3%

Halfway
anodecathode
+ 55 %
– 38%

+ 210%
+ 60%

+ 4%
– 71%

+ 46%
– 67%

+ 51%
0%

corrosion of the anodes in test field 1 was obviously more
advanced than indicated in the analysis.

Close to
cathodes

A comparison between the sensitivity variations along two
soil profiles close to the cathodes in test fields 2 and 3 is
shown in Fig. 21.

Fig. 22. Picture of anodes in outer (left) and middle rows
(right) in test field 1. One anode in the middle row is missing.
The figures give a rough picture of the current distribution
between the anodes. When withdrawn from the soil, the anodes were torn off just below the ground surface.

Fig. 23. Detailed picture of anode in test field 2 after completed electro-osmosis.
Gas evolution

Fig. 21. Sensitivity values measured close to the cathodes in
test fields 2 and 3 before and after electro-osmotic treatment.
The sensitivity values are determined by fall-cone tests.
Anode consumption
The total anode consumption in test field 1, analyzed according to equation (6), becomes 0.29x10-6x0.85x109 kg = 246.5
kg, i.e. 1.4 kg/m of the anodes, having a weight of 3.8 kg/m
(36 % of the anodes). Looking at the electric current consumption at the end of the period, when all field were coupled
in parallel, only 12 % of the anodes should be consumed.

As mentioned previously, the settlements observed at 0.5 m
depth was somewhat smaller, particularly in field 3 (4 cm
smaller) than the settlement observed at 5 m depth, see Fig.
18. The explanation of this phenomenon was found by the
results obtained in electro-oedometer tests, which showed
that the gas evolution from the ground surface down to 5 m
depth, caused swelling instead of compression of the soil.
This effect was clearly visible in test field 3, Fig. 24.
The gas evolution, which resulted in swelling of the soil
down to a depth of 5 m, cannot be predicted analytically,
since the gas amount that is disappearing through fissures etc.
cannot be foreseen. The analysis shows that in cases, where
gas evolution takes place during the electro-osmotic treatment, the settlement cannot be predicted on the basis of the
electro-osmotic permeability coefficient ke or of the electroosmotic water transport me. Consideration must be paid to the
volume of gas produced.

After the electro-osmotic treatment of the soil was ended, the
corrosion of the anodes was studied by withdrawal of the
anodes from the soil. The result observed in test fields 1 and
2 are shown in Figs. 22 and 23. As can be seen in Fig. 22, the
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Tests were also made with single anodes of varying diameters
to investigate the importance of current density to electrode
to soil resistance.
The applied potential varied from about 70 to 150 V and the
current from about 40 to 120 A. The soil consists of clay with
the following characteristics: undrained shear strength cu = 6–
17 kPa; sensitivity St =10–15; natural water content w = 68–
85%; liquid limit wL = 52–83%; compression ratio Cr/(1+e0)
= 0.3–0.5; coefficient of consolidation cv ≥ 0.2 m2/year. The
electro-osmotic permeability and the soil resistivity were not
determined in the laboratory.

Fig. 24. Example of possible effect of electro-osmosis when
pumping is not carried out at the cathodes. Strong gas evolution observed at the cathodes in test field 3. Inflow of water
has made the ground around the cathodes waterlogged and
salt has precipitated on the cathode surface. The ground
around the anodes has become dry and hard.
Effect on soil characteristics
The effect of electro-osmosis on the soil characteristics in the
test fields can be summarized as follows:
• the undrained shear strength increased heavily close to the
anodes but decreased usually close to the cathodes. To avoid
this, the cathodes should be provided with pumping device
and dewatered.
• the sensitivity of the clay increased strongly close to the
cathodes.
• the liquid limit decreased close to the cathodes, probably
due to electro-phoresis.
• the preconsolidation pressure increased close to the anodes,
but as a whole no certain conclusions could be drawn. Again,
the effect on the preconsolidation pressure would have been
considerably improved if the cathodes had been dewatered by
means of pumping device.
Comparison with results obtained when cathodes are dewatered
The method of soil stabilization by means of electro-osmosis
was first tested in Sweden in 1957–1958 at Skå-Edeby, situated about 40 km north of Stockholm, in connection with an
investigation concerning a new international airport. Field
tests were carried out using 1 in. reinforcement bars as anodes in one case and 3 in. iron tubes in the other. The anodes
were placed at the corner points of a regular hexagon around
a cathode, formed as a filter well with a pumping device. The
spacing between the anodes was 2.2 m in the first case and
3.0 m in the second case. The electrodes were driven into the
soil to a depth of 6 m. During the test period, the cathodes
were constantly pumped dry.
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The results obtained in the tests can be summarized as follows (Fredén, 1962). The volume decrease due to electroosmosis became equal to 0.03 cm3/C, while the corresponding values at Scania Vabis and the test fields outside Gothenburg are, respectively, 0.005 cm3/C and 0.015 cm3/C. The
compression obtained at Skå-Edeby agreed quite well with
the observed decrease of water content in the clay. The average increase of the undrained shear strength was 50% at a
consumed current of 0.42x109 C and a consumed energy of
9.67 MWh. No decrease of the undrained shear strength
could be observed at the cathodes.
Since the characteristics of the soil related to electro-osmosis
were not determined by the use of an electro-oedometer, the
results obtained only give a hint about the effectiveness of
electro-osmotic treatment of soil. However, the results are of
interest for the comparison between the two different methods: pumping and no pumping of water at the cathodes.
SUMMARY
The investigations carried out show that the design of electroosmotic construction works could be based on soil resistivity
determined on laboratory samples with acceptable correlation
accuracy between current and required electric potential.
The electric current consumption required to achieve a certain
compression of the clay layer has been considerably higher
than expected on basis of laboratory tests, about 3 times
higher in the Gothenburg test fields and about 4 times higher
at Scania Vabis. When determining the compression achieved
by electro-osmotic treatment it is necessary to take into account possible gas evolution. This has dominated where the
clay contained a lot of shells. In some cases the gas evolution
has more or less stopped water transport ( ke → 0 ).
The undrained shear strength has increased close to the anodes whereas the strength has generally decreased close to
the cathodes when these are not dewatered by means of a
pumping device.
The sensitivity of the clay has consistently increased close to
the cathodes.
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The preconsolidation pressure has increased close to the anodes, but the influence on the preconsolidation pressure as to
the rest is not quite certain. Undoubtedly, the effect becomes
more favorable if the cathodes are dewatered.

Van der Pauw, S. (1958). A method of measuring specific
resistivity and Hall effects of discs of arbitrary shape. Philip
Res. Report, 13.

The electro-osmotic treatment has been accompanied by relatively large decrease of the pore water pressure close to the
anodes and relatively large increase close to the cathodes.
The influence of the hydraulic flow from cathodes to anodes
thus obtained cannot be disregarded in relation to the electroosmotic flow from anodes to cathodes, at least at low electric
current. In order to avoid the negative effect of counteracting
hydraulic flow, it is recommended to provide the cathodes
with a pumping device.
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